Mosquito larvae are metapneustic, breathing through posterior spiracles, and primarily consume atmospheric oxygen (Clements 1992) . Larvae of several mosquito species have been reported to use dissolved oxygen (DO) in addition to atmospheric oxygen (Clements 1992) . However, as long as atmospheric oxygen is readily accessible, larval mosquitoes have generally been considered to be unaffected by reduced DO (Gophen 1985 , Dale et al. 2007 , Lancaster and Downes 2013 . Nonetheless, in some cases larval mosquitoes have been shown to survive for hours (Reiter 1978) or even days (Westwood et al. 1983 ) when denied access to atmospheric air. Reiter (1978) reports that the survival of larval Culex quinquefasciatus (Say) that were denied access to atmospheric air decreased with decreasing levels of DO.
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Field surveys indicate that the abundance of larval mosquitoes often varies with DO levels in the water. However, the nature of this variation is context-specific and speciesspecific, and the underlying mechanisms are generally unexplored (Sehgal and Pillai 1970 , Hassan et al. 1993 , Grilet 2000 , Sunish and Reuben 2001 , Sunish et al. 2006 , Muturi et al. 2008 , Dejenie et al. 2011 , Kenawy et al. 2013 .
We examined the effect of reduced DO levels on survival and development rate of Culex pipiens (Linnaeus) larvae that had free access to atmospheric air. Culex pipiens larvae inhabit a wide variety of aquatic habitats; some are characterized by extremely low levels of DO (Vinogradova 2000) , hence are expected to depend mostly on atmospheric air, rather than on DO. We hypothesized that larval survival will increase and development time will decrease with increased DO levels.
Culex pipiens egg rafts were collected from a large rainfilled pool on the campus of Ben-Gurion University, BeerSheva, Israel, and hatched in aged tap water. First instar larvae were distributed among the treatments within 24 h of hatching. Thirty 1 st instars were introduced to plastic cups filled with 400 ml of rested tap water (approximately 10 cm diameter and 5 cm depth). This density (<0.1 larvae per ml water) is assumed to be far lower than the density-dependent competition threshold for Culex (Roberts and Kokkinn 2010) . The water surface area and depth were assumed to provide easy access to the water surface, even for early instars. Sibling larvae, originating from the same egg raft, were divided among three treatments. Different egg rafts served as independent replicates (plots n=9). Cups were kept at 25±1° C (mean ±SD) and 14:10 (light:dark) photoperiod. Water in each cup was replaced daily, and pupae were counted and removed. Larvae were fed daily with a 70 mg mixture of finely grained flakes (DAJANA pet S.R.O-45% protein) and rodent chow (Harlan Laboratories-18% protein) per cup. This substantially exceeds the amounts required to cancel out food-related effects on time to pupation and survival, but not high enough to allow the creation of surface scum (Roberts and Kokkinn 2010 and personal observations). Larval development time was recorded as the number of days from the start of the experiment until pupation. Emerged adults were identified by sex.
Water was boiled until 20% of the original volume was evaporated to decrease the level of dissolved oxygen. Water was then rested at room temperature 24.57±0.16 °C (mean±SD) for 2 h (short-standing water treatment) or 24 h (long-standing water treatment). Unboiled water served as the control treatment. To measure DO over time, ten cups were filled with 400 ml of boiled water (cooled for approximately 1 h) and ten cups with 400 ml of unboiled water. Cups were similar to those used for the above experiment and kept in similar temperature and photoperiod conditions. Temporal changes in levels of dissolved oxygen were measured in all cups using a dissolved oxygen meter (EXTECH instruments, model DO700) two h after the water was boiled (t 0 +2), after another 6 h (t 0 +8), and a final sample the following day (t 0 +24).
Split-plot analysis was used to analyze the effect of the treatments on larval survival and development time. Mean days to pupation per cup was used to estimate larval development time. The total, per cup, number of emerging adults was used to estimate larval survival. The three treatment groups served as three levels of a single within plot (egg-raft) factor. Tukey-Kramer honest significant difference multiple comparison was used as a post-hoc test to analyze the specific differences among the three levels. Males and females were analyzed separately. Repeated-measures ANOVA with the different cups as independent replicates were used to analyze the change in DO levels over time. The three time periods were used as three levels of within-subject factor, "Time, " and treatment (boiled vs unboiled) were used as a betweensubject factor, "Treatment. " All analyses used Statistica 12 (StataCorp. 2011).
The water standing period significantly affected male development time (Table 1, Figure 1a) . Male development time in short-standing water was significantly longer than that of their siblings in control or long-standing water. Male development time did not differ between long-standing and control water. A similar trend was observed for females, but the effect was not statistically significant (Table 1, Figure 1b) .
Larval survival was significantly affected by the treatment (Table 1, Figure 1 c-d) . Both male and female survival decreased in the short-standing water compared to larvae in control or long-standing water. The survival of both sexes did not differ between long-standing and control water.
DO levels were significantly lower in boiled water compared to unboiled control water. DO levels in the boiled water varied significantly over time, while DO levels in unboiled control water were constant (Table 2, Figure 2) . The difference in DO between boiled and unboiled water was largest at the start and decreased over time, as DO levels in the boiled water increased. However, even after 24 h, DO levels in boiled water were still significantly lower than unboiled control water (t 18 =2.53; p=0.02).
In our experiment, reduced levels of dissolved oxygen (DO) in the water resulted in reduced larval survival and prolonged development time. The latter is often associated with stress factors such as water temperature (higher or lower then intermediate), lack of nutrition, overcrowding, etc.
(reviewed by Clements 1992) . To the best of our knowledge, this experiment is the first to provide experimental evidence for such a response to DO reduction when atmospheric oxygen is readily accessible. Previous experimental studies indicating larval sensitivity to DO levels are scant and involve situations in which the access to atmospheric air was denied (Reiter 1978) . The ability to consume atmospheric oxygen is often associated with an ability to colonize habitats with low DO levels (Gophen 1985 , Dale et al. 2007 , Muturi et al. 2008 ). For example, Vinogradova (2000) reported that Cx. pipiens may be found in water containing less than 1 ppm DO.
Competing species, such as Daphnia (Nebeker et al. 1992) and Chironomid species (Eriksen et al. 1996) , share similar niches but do not consume atmospheric oxygen and are limited by low DO levels. Predatory species such as larvivorous fish are also limited by low DO levels (Cech et al. 1985) . Hence, the ability to colonize such habitats may serve as refuge from both competition and predation. However, using atmospheric air may also convey costs, such as increased predation risk, travel time, and time budget. Our results also suggest sex-specific response to DO levels. While the trend of reduced DO was similar for both males and females, prolonged development was more visible in males while mortality was higher in females. We hypothesize that many of these differences can be explained by the fact that males metamorphose faster than females. Therefore, prolonged development will be more visible for rapidly developing males, while females spending longer periods of time under stressful conditions will show higher mortality. Future work should address questions regarding the interaction between DO levels in the breeding habitats and the consequences on life history trade-offs, as well as studying species-specific responses to reduced DO.
